The TLR2 agonist, dipalmitoyl lipopeptide (Pam2LP), has been used as an immune adjuvant without much success. Pam2LP is recognised by TLR2/6 receptors in humans and in mice. This study examined the proliferative activity of cytotoxic T lymphocytes (CTL) using mouse Ag-presenting dendritic cells (DCs) and OT-I assay system, where a library of synthetic Pam2LP was utilised from the Staphylococcus aureus database. Ag-specific CTL expansion and IFN-g levels largely depended on the Pam2LP peptide sequence. The first Aa is cysteine (Cys), which has an active SH residue to bridge fatty acids, and the second and third Aa are hydrophilic or non-polar. The sequence structurally adapted to the residual constitution of the reported TLR2/6 pocket. The inactive sequence contained proline or leucine/isoleucine after the first Cys. Notably, no direct activation of OT-I cells was detected without DCs by stimulation with the active Pam2LP having the Cys-Ser sequence. MyD88, but not TICAM-1 or IFN pathways, in DCs participates in DC maturation characterised by upregulation of CD40, CD80 and CD86. Hence, the active Pam2LPs appear suitable for dimeric TLR2/6 on DCs, resulting in induction of DC maturation.
Introduction
Dendritic cells (DCs) evolve from myeloid progenitors and professionally participate in activation of the immune system. 1 DCs recognise microbial patterns and mature to facilitate Ag presentation and appropriate immune activation. 1 TLRs are a family of PRRs and are preferentially expressed by DCs. 2, 3 Mice and humans share most of the orthologues of the TLR family. 4 Human Ag-presenting DCs (characterised by CD141) predominantly express TLR3, as well as members of the TLR2 families, consisting of TLR1, 2 and 6.
3 TLR2 recognises peptidoglycan (PGN) by homodimerisation. 5 TLR2 also recognises the dipalmitoyl lipopeptide (LP) Pam2 in combination with TLR6 and recognises tripalmitoyl Pam3 in combination with TLR1 in both humans and in mice.
5À8 TLR2 agonists stimulate cytokines/IFN production and inflammation via MyD88 [6] [7] [8] and, to a lesser extent, via the Toll-IL-1R homology domain-containing adaptor molecule-1 (TICAM-1; also called TRIF) adaptors, which appear to be bridged by TICAM-2 (also called TRAM).
We have suggested that the TLR2 family consists of distinct members in humans and chickens. They have evolved to recognise bacterial LPs with a different set of TLR2 members. 10 However, the principle of the bacterial pattern recognition by TLR2 family is conserved across the entire vertebrate species. 11 The recognition of various LPs by TLR2/6 and/or TLR2/1 has been structurally defined, 12 and the recognition of LPs and PGN by TLR2 family is evolutionally conserved in humans and mice. 13 Previously, we have studied the role of the peptide portion of Pam2LP in TLR2/6 recognition using a DC-NK cell activation system. 14, 15 We chemically synthesised various Pam2LPs with modifications based on the predicted Aa sequences from the Staphylococcus aureus database. 14 The results suggest that Pam2LP acts on both DCs (in this case, bone marrow-derived DC [BMDC] ) and NK cells. 15, 16 In either case, the peptide sequence followed by Pam2 is crucial in NK cell activation. The levels of cytokines released in the coculture (BMDC+NK cells) in response to Pam2LP correspond to the degrees of NK cell activation in vitro, measured by IFN-g and cytotoxicity.
15À17
However, in vivo administration of Pam2LP only marginally regresses NK-sensitive tumours implanted in mouse models. 16, 17 The tumour micro-environment, including prostanoids, reactive oxygen species (ROS), myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs), might be involved in this decreased activation of NK cells.
18À21
We herein tested whether the peptide sequence of Pam2 is important for cytotoxic T lymphocytes (CTL) activation and proliferation using the OT-I assay. The results show that the second and third Aa in a TLR2 agonist Pam2LP play a critical role in DC maturation via the MyD88 but not TICAM-1-Type I IFN pathway. The MyD88 pathway plays an important role in sufficient proliferation of CTL.
Materials and methods

Mice
WT C57BL/6J mice were purchased from CLEA.
Ticam1
-/-mice were made in our laboratory.
22
Ifnar -/-, Myd88 À/À and OT-I mice were kindly provided by Dr Taniguchi (Tokyo University, Tokyo, Japan), Dr Akira (Osaka University, Osaka, Japan) and Dr Ishii (Tohoku University, Sendai, Japan), respectively. All mice were backcrossed more than eight times to C57BL/6 background and maintained under specific pathogen-free condition in the animal faculty of the Hokkaido University Graduate School of Medicine. Animal experiments were performed according to the guidelines set by the animal safety centre, Hokkaido University, Japan.
Cells
BMDCs were prepared, as described previously. 
Reagents and Abs
Pam2LPs were synthesised, as described previously.
14 Poly(I:C) was purchased from GE Healthcare Life Sciences (27-4732-01 
OT-I proliferation assay
OT-I T cells were isolated from spleens of OT-I mice by CD8-microbeads (Miltenyi Biotec; 130-049-401). OT-I T cells were labelled with 1 mM of CFSE for 10 min at 37 C. In the co-culture with OT-I cells and BMDCs, 5 Â 10 5 BMDCs were seeded in a 24-well plate. PBS or 100 nM of Pam2LPs were added to a well. After 18 h, cells were added with 500 ng/ml of OVA and allowed to stand for 4 h. The cells were washed three times with saline. BMDCs (1 Â 10 5 ) were reseeded in a 96-well plate and were co-cultured with 1 Â 10 5 CFSE-labelled OT-I cells for 60 h. In the single culture of OT-I cells without DCs, 1 Â 10 5 CFSE-labelled OT-I cells were seeded in a 96-well plate. PBS or Pam2LPs were added to the wells in the presence or absence of 0.25 mg/ml of anti-CD28 and 0.01 or 0.1 mg/ml of anti-CD3 Abs. The OT-I cells were cultured for 60 h. In the co-culture with OT-I cells and CD8a + DCs, 3.5 Â 10 4 CD8a + DCs were seeded in a 96-well plate. PBS or Pam2LPs were added to the wells in the presence or absence of 2.5 mg/ml of OVA. After 3 h, CD8a + DCs were co-cultured with 3.5 Â 10 4 CFSE-labelled OT-I cells for 60 h. Then, the cells were stained with anti-CD8a and anti-TCR Vb5.1,5.2 Abs. Dead cells were removed by 7-amino actinomycin D staining. The degree of OT-I proliferation was assessed by the attenuation of CFSE intensity by FACSCalibur TM (BD Biosciences). The concentration of IFN-g in the culture medium was measured by ELISA.
Real-time PCR
For the Tlr2 gene expression analysis, OT-I cells and CD8a + DCs were isolated from OT-I mouse spleen. The isolated cells were lysed with TRIzol reagent (Invitrogen; 15596018). Real-time PCR was performed, as described previously. 23 Sequences of primers in this study are: Gapdh: 
Analysis of maturation markers on BMDCs
PBS and 100 nM of Pam2-13, Pam2-13s and Pam2CSK4 were added to BMDCs derived from various gene knockout mice. After 18 h, CD40, CD80 and CD86 expression levels on CD11 + cells were analysed by FACS AriaII (BD Biosciences). In Myd88 -/-BMDCs, poly(I:C) was set as a positive control because upregulation of the co-stimulatory molecules by poly(I:C) is independent of MyD88. 24 
Results
OT-I proliferation depends on the peptide sequence of Pam2LP
OT-I cells were prepared from OT-I mice, labelled with CFSE and co-cultured with BMDCs in the presence of various Pam2LP (Table 1 ) and OVA ( Figure 1 ). The gating strategy and purity of DCs are in part shown in Supplementary Figure S1 . The peptide sequences were obtained from the S. aureus database and artificially linked to Pam2.
14 Pam2 OT-I proliferation was assessed by flow cytometry. PBS was the negative control, and Pam2CSK4, which is known as TLR2-agonistic Pam2LP, was the positive control. Pam2-1 to -12 and Pam2-14 induced potent OT-I proliferation comparable to Pam2CSK4 in the presence of DCs (Figure 1a and b) . Under the same conditions, Pam2-13, -15 and -16 barely induced OT-I proliferation (Figure 1a and b) . Based on the Aa sequences of Pam2LP in Table 1 , when the second Aa was Pro or hydrophobic, OT-I proliferation was disrupted. When the second Aa was Gly/Ala/Thr/Ser, full DC maturation, in terms of CTL functional expansion, occurred. To confirm this finding, we used Aa substitutes for Pam2-13 (Pam2-13s: the -second Pro was replaced with Ser) and Pam2-15 (Pam2-15sn: the -second Leu and -third Ile were replaced with Ser and Asn). The results suggested that the second and third Aa positions are crucial for DC-mediated CTL induction by Pam2LP (Figure 1a and b) . The first Aa must be Cys in Pam2LP. These results are consistent with those reported in the NK cell system. 
Pam2-13s does not act directly on OT-I cells
Pam2LP directly activates NK cells in the absence of DCs and/or Ag. 16, 21 In addition, our in vitro notion is that TLR2 on T cells plays a role in DC-independent T-cell activation. 25, 26 In fact, TLR2 activates the adaptor complex consisting of TRAM (TICAM-2)/TRIF (TICAM-1). 9 In general, T cells express TLR2 and MyD88, which are associated with direct T-cell activation in vitro. 25, 26 Next, we assessed whether Pam2LP had a direct effect on OT-I cells in our experimental setting. The Tlr2 gene was expressed on OT-I cells, but the expression level was lower than that on CD8a + DC which is a professional Ag-presenting DC subset (Figure 2a ). In the analysis of protein expression, while TLR2 expressed in CD8a + DCs, it barely expressed in OT-I cells (upper panels of Figure 2b ). TLR6 was expressed on OT-I cells, but the expression level was lower than that on CD8a + DCs (lower panels of Figure 2b ). In the absence of the co-culture with DCs, Pam2-13s did not directly act on OT-I cells, even in the presence of CD28 and CD3 stimulation (Figure 2c ). In the presence of the coculture with either BMDCs or CD8a + DCs, on the other hand, OT-I proliferation was initiated by TLR2 agonistic Pam2LPs.
OVA Ag was necessary for Pam2LP-mediated OT-I proliferation by DCs, suggesting that OT-I cells proliferate in response to Ag (Figure 3a) . The results were confirmed with the CD3/CD28 stimulation assay (Supplementary Figure S2) . The conditions facilitated DC maturation-induced OT-I proliferation; Pam2-13s and Pam2-15sn induced DC-mediated CTL expansion comparable to Pam2CSK4, a representative positive control, whilst Pam2-13 and 15 did not (Figure 3a) . IFN-g levels reflected the degree of OT-I proliferation in this system (Figure 3b ). In the absence of Ag, IFN-g was not produced in the setting. These results reinforce the importance of the second and third Aa of the Pam2LP for the activation of DC-mediated acquired immunity.
MyD88, but not type I IFN, is necessary for Pam2LP-mediated DC maturation
To identify the pathway responsible for Pam2LP-mediated BMDC maturation, BMDCs were isolated from a variety of gene-disrupted mice and stimulated with Pam2-13, -13s and Pam2CSK4 to test the upregulation of co-stimulatory molecules. Pam2-13 failed to elevate CD40, CD80 and CD86 levels, whereas Pam2-13s and Pam2CSK4 increased the levels of these Figure S1) . Notably, the Pam2-13s and Pam2CSK4 functions were abrogated in Myd88 -/-BMDCs ( Figure 4 ). Knockout of Ticam1 or Ifnar did not affect Pam2-13s and Pam2CSK4 functions in DCs. The co-stimulators appeared to be elevated on the surface of DCs, irrespective of the TICAM-1 or IFNAR pathway. The result is in part consistent with the IRF7 activation profile by Pam2LP. 27 Therefore, the MyD88, but not the IFN-inducing axis, plays a key role in TLR2 agonistic Pam2LPs-mediated BMDC maturation and resultant CTL expansion.
Discussion
Our motivation for publishing these data is to demonstrate that Pam2LP is a good candidate for immune-enhancing adjuvant for maturation of DCs. Co-stimulatory molecules and cross-presentation are tuned up by Pam2LP. Il-12p70 and IFN-induced gene Ifit1 levels are up-regulated in DCs by Pam2LP stimulation. 16, 28, 29 The DC maturation profile was similar to that induced by another lipopeptide FSL-1 (Pam2CGDPKHSPKSF). 30 The properties of the second and third Aa in the Pam2LP determine the DC maturation. CTL proliferation occurs exclusively through DCs in this context. The active Pam2LP containing serine after the first cysteine did not induce direct CTL proliferation in our experimental setting. However, we could not determine whether the given Aa are crucial for masking accessibility of the fatty acids in the peptide or changing affinity to the receptor. Since type I IFN-inducing pathways hardly participate in DC maturation by Pam2LP, the MyD88 axis of the TLR2 pathway actually works in DCs for T-cell priming. Thus, Pam2LP is a prime adjuvant for targeting DCs via MyD88. 29, 31 There is a long history in the study on the adjuvanticity of bacterial LPs. Earlier exploratory studies of the structural studies on bacterial (Escherichia coli) lipoproteins were summarised by Hantke and Braun. 32, 33 Jung and Bessler depicted the functional features of synthesised Pam3 bacterial lipoproteins. 34, 35 Their assays suggest that the synthetic tripalmitoyl (Pam3) pentapeptide has mitogenic activity for B-cell activation. The functional characteristics of the immune-enhancing LPs were summarised in their review, where T-cell activation by LP was mentioned.
36
Pam3LP and Pam2LP share the receptor TLR2, although the pair co-receptors of TLR2 are differentially evolved for Pam3LP and Pam2LP, which are TLR1 and TLR6, respectively. 7, 8 These studies contributed to the development of biological response modifiers, which were later referred to as innate immune adjuvants. LPs are defined as TLR2 agonists. Mycoplasma harbours diacylated lipoproteins, whereas most Gram-negative and -positive bacteria possess triacylated lipoproteins, which reflects the difference in the repertoire of enzymes for lipoprotein synthesis. A Gram-positive S. aureus express a number of LPs according to the database. Fujimoto's group made a series of synthetic peptides based on the predicted proteins with N-terminal dipalmitoylation. 14, 38 Although the dipalmitoylation of these peptides appears to be artificial, they have good adjuvanticity in DC-mediated NK cell activation. 15 We reason that the second and third Aa in the Pam2LP peptide facilitate the acquired immune response in this study. The first Aa, Cys, is connected to a diacylated palmitate in all LPs designed from the natural bacteria. 39 The second and third Aa are categorised into non-polar/hydrophilic or hydrophobic groups. We found that only the former activates BMDCs and CD8a + Ag-presenting DCs to expand CTL (represented by OT-I cell) in the presence of OVA Ag. Taken together, Pam2LP and Ag efficiently suppress tumour growth. 20, 29 In other reports, the TLR2 agonist Versican promotes progression and invasion of tumours. 40 The TLR2-MyD88 pathway provokes monocytic-MDSCs, which induce iNOS up-regulation. 19, 20 An inducible ROS is a product which acts as an effector for the blocking of CTL reinvigoration in the tumour micro-environment. 20 Additionally, TLR2 is involved in the expansion and activation of MDSCs, 19, 20 which in turn exacerbates the tumour micro-environment. TLR2 antagonists might relieve tumour-supportive functions of monocytic-MDSCs. Although DCs are classified into many subsets, BMDCs and splenic CD8a + DCs are sufficiently activated by the TLR2 pathway. 2, 4, 41 Designing the peptide portion of Pam2LP to target DCs but not MDSCs may lead to the development of specific DC-priming adjuvant.
Segregation of Pam2-13 and 13s by DCs suggests that a TLR2 antagonist versus agonist would be an effective modulator of the tumour micro-environment for Pam2 adjuvant.
In comparison to the TLR3-TICAM-1 pathway, the TLR2-MyD88 pathway poorly activates NK cells in vivo, which permits tumour progression. 16, 17 Cox2 is a factor that suppresses NK activation. 21 Treg induction may be a factor participating in this immune dysregulation. 17 TLR2 induces a sequence of complex events in tumours, where DC-priming, Treg activation, MDSC expansion and Th2-skewing simultaneously occurs, and the balance of these effectors finally appears to determine the tumour fate. In fact, administration of TLR2 agonist plus Ag or tumour lysate (that includes tumour-associated Ag) yields a good prognosis in tumour-bearing mice, at least in some models. 29, 42 Nevertheless, Pam2LP sufficiently proliferates CTLs in a different fashion to poly(I:C) (activating MDA5 and TLR3) or the TLR3-specific adjuvant ARNAX. 43, 44 Pam2LP acts as an agonist for TLR2, but barely induces activation of TICAM-1-or type I IFN-inducing pathway in DCs. Mouse in vivo studies using Pam2LP and tumour Ag (OVA) suggest that the TLR2-MyD88 axis but not the TLR2-TICAM-1 axis takes part in DC maturation and anti-tumour CTL proliferation. 29 This finding is in contrast to previous reports, which show that TICAM-1 is involved in TLR2 signalling in bone marrow-derived macrophages. 9 Therefore, the TLR2-MyD88 pathway solely participates in DC maturation and successive CTL proliferation in the DC-OT-I model. It has been reported that the transcription factors of the Activator protein-1 (AP-1) family play an essential role in DC maturation. 45 Thus, MyD88 signal links the AP-1 activation and induces the maturation of Ag-presenting DCs as well as TICAM-1 signal, independent of the type I IFN pathway. These two different signals result in the common features of DC maturation. This is not surprising, as a number of cell type-specific variations have been reported in TLR responses, particularly in DCs. 1, 46 These results support the previous advocation 47, 48 that TLR2 is a good adjuvant for CTL proliferation. 29 Treg induction and MyD88-mediated cytokine production indeed remain problematic in terms of using TLR2 agonists as an adjuvant, in particular NK activation. 17 However, these problems could be resolved by designing the peptide portion of Pam2LP to specifically target DCs. 49 After completing this study, a paper describing a novel role of the long-chain N-acylated lipoprotein in the function of Pam3LP was reported.
50 N-terminal hydrophobicity may further affect the TLR2-agonistic function of Pam2LP. However, the inter-association between the fatty acid and the peptide remains to be analysed in the context of these Pam2LP.
